Deep drawing, blanking, trimming or bending are typical sheet metal forming (SMF) processes for the automotive parts as body or structural elements. The requirements of producing light weight construction parts motivated the automotive industry to apply new sheet metal materials as aluminium or high strength steels. Tools applied for forming these sheet metal parts should have high wear resistance to increase the lifetime of the tool and therefore their forming capacity. During designing tools and processes for automotive industry finite element softwares, like AutoForm are more and more widely used in sheet metal forming industry. It provides among others possibility for the analysis of the formability and the wear of tool. This paper summarizes the most common tool failures and their reasons, solutions for prevention, in addition, the concept of the wear simulation in the Autoform DieAdviser plus software module, which provides an efficient design tool to develop a wear protection system of SMF tools in a virtual space, before the real manufacturing.
INTRODUCTION
Automotive industry nowadays has the challenge of increasing demands towards lightweight, high-and ultrahigh-strength materials, increased productivity and environmental concerns [1] . Latest researches has been focused on the development and introduction of high strength and lightweight sheet materials, because their high performance. At the same time, the requirements relating to the environment and health protection are also high and will continuously increasing. This leads to restrictions in terms of the type and use of lubricants that implicates increased requirements relating to the wear and fatigue resistance of tools. In car industry mass production is characteristic, therefore the prolonged lifetime of the tool and the increased tool performance are significant both technically and economically. The body elements of cars are usually produced by cold sheet metal forming processes, such as deep drawing, stretching, bending, blanking, trimming or cutting. During the production of chassis and structural parts, the forming tools are required to have proper hardness, toughness, tensile and compression strength, as well as to resist against tribological damages in case of various manufacturing operations. For sheet metal forming processes, the surface quality of the tools is a very important parameter, because it offers advantages, as well as improved performance, increased production volume and aesthetical appearance [2] . Selection of tool materials, coating materials and coating methods for the forming of advanced high strength materials depends on the properties of the sheet material, the complexity of the forming processes and the number of parts to be produced. Some examples of the tool materials and coatings applied during production of car components made of high strength sheet metals are shown in Table 1 . In case of stainless steel sheet materials carbide-based coatings are used to Industrial forming tools are rarely coated today, despite of the fact that hard and superhard coatings possess high hardness and wear resistance and therefore they are frequently used to improve the performance and to increase the lifetime of the tools [3].
COMMON TYPES OF TOOL FAILURE AND SOLUTIONS FOR PREVENTION
The most common types of tool failure are plastic deformation, chipping, cracking, galling and wear [4] [5] . The typical failure modes and their reason are shown in Table 2 . In forming applications, galling, adhesive wear and plastic deformation are the most common failure types. Plastic deformation is caused by contact pressure exceeding the compression yield strength of the tool material. The phenomenon of chipping is a result of stresses exceeding the fatigue strength of the tool material. Cracking may be caused by stresses and related stress intensity factors exceeding the fracture toughness of the tool steel [6] . Galling is a well-known damage mechanism in sheet metal forming processes involving material transfer from the product to the tool surface, which can lead to failure of the products. The blank holder forces and the tool surface topography have a strong influence on the galling behaviour of tools in sheet metal forming [7] . Along with the damage of the tool materials, the different coating failures, such as coating or substrate fracture, wear, delamination and intrusion have significant influence on the forming processes. The typical coating failures are shown in Table. 3. Lifetime of the diamond-coated tools is limited mainly by delamination or internal fracture of coating [8] . The internal fracture is caused by crack formation and material loss due to internal cracking of coating. Substrate fracture beneath the coating occurs when cyclic loading initiates crack formation at a critical depth below the surface, characteristically in case of thin coatings, when the repeated loading leads to crack propagation towards the surface resulting in breaking through the hard and brittle coat layer. Wear damage of the tool is caused by friction arising at the sliding contact of SMF tool and the workpiece [9] . Delamination of the coating most usually is observed during dry cutting of hard-to cut materials e.g. titanium alloys or nickel based super alloys [10] , when the contact between tool and product occurs under extreme loading conditions (high contact pressures, considerable friction and elevated contact temperatures combined with intense thermal flux). These circumstances generate crack initiation and propagation in the coating parallel to the coating/substrate interface leading to coating delamination, especially in brittle CVD coatings. Intrusions arise when -due to the low strength of the tool materialinhomogeneous deformation occurs at the tool and coating material interface region, i.e. plastic deformation caused by high shear stresses in the tool material cannot be accommodated by the hard, brittle coating layer that will be chopped into small pieces and indented into the softer substrate material.
MATERIALS OF SHEET METAL FORMING TOOLS AND THEIR COATINGS
During forming these materials, the forming tool is exposed to significant friction and wear at the contact surfaces of sheet material and SMF tool. The most common materials used for die design are cast iron and steel. Use of cast iron allows producing very large tools at lower costs comparing to that of steel. In contrast, tool steels are more favourable in respect to their better mechanical properties. Wear performance of SMF tools can be enhanced by heat treatments, as well as hard and superhard ceramic coatings, which are produced by different deposition processes. Tribological behaviour of the tool is determined basically by the friction couple constituted of the tool and blank material together, in addition by the loading conditions (i.e. mechanical, thermal loading, contact geometry and environmental effects). The proper combination of the tool material, heat treatment and coating depends first of all on technological process features. At the same time, it is influenced by the sheet material, as well, therefore different combinations of tool/blank material have been usually applied. Characteristic combinations of tool materials and coating types for different blank materials are shown in Table 4 . and Table 5 . In case of tool steels, conventional and advanced heat treatments are used to improve the wear resistance of the tool. Hard chrome plating, plasma nitriding, flame hardening and selective welding represent the conventional treatments, however they are usually insufficient to ensure the necessary wear resistance of the tool during forming e.g. HSLA or AHSS steels. Combining the conventional heat treatments with thin coating methods, significantly superior wear resistance with enhanced lubricity may be obtained. Alternative thin hard coatings, produced by hard facing techniques frequently applied, too. From this group, fusion welding and laser cladding are of special interest because they provide deposition of Ni and Co-based layers, possessing enhanced wear resistance to sliding wear [14] . Laser surface alloying is a thermo-chemical process, involving melting of substrate materials by a laser beam and alloying it with elements of high melting point, hard particles, like carbides. The application of these alternative treatments and coatings technologies for tooling is limited due to necessity of mechanical post treatment of the layer, for reasons of geometry and surface finish [15] . The other advantage of this technique is the possibility of local deposition and local repair of thick layers. Some authors have shown, that thin but hard coatings like TiN, TiC, (Al,Ti)N are widely used to protect the tool against corrosion or wear [16] . These coatings enable adhesion, abrasion, diffusion wear and friction to be reduced. In case of steel and aluminium sheet materials, cast iron and steel are used as tool materials. During forming of aluminium sheet adhesive wear is observed [17] , which is the most critical wear mechanism in sheet metal forming processes. It can be described as a material transfer from one surface to another due to local adhesion (micro-welding) between the sheet metal and tool material being in relative motion, followed by plastic deformation and tearing up of the weaker material. Abrasive wear occurs in steel sheet forming, when the harder surface cuts material out of the softer one. If the tool surface has significant roughness, the asperities can cause scratches on the steel sheet surface.
THE AUTOFORM DIEADVISER PLUS
In automotive industry finite element methods are widely used to determine and optimize the different technological parameters process characteristics, like formability, wrinkling, or tool wear, before the manufacturing process [18] .
AutoForm is a leading FEM software, which is applied for simulation of different sheet metal forming processes to define technological and tool design parameters, furthermore, it can be used for failure (e.g. wear) analysis during forming processes. During simulations, AutoForm also utilises finite element methods to calculate friction characteristics at the contact surfaces between the die and workpiece.
The AutoForm DieAdviser plus module supports the user to define an optimal tool/coating system and wear protection, based on the results of process simulation done by the AutoForm Solver plus . The module provides excellent solutions for improving the wear resistance, the lifetime of the tool, and for cost reduction of tooling. The Autoform DieAdviser plus combines the simulation results, i.e. output data from the AutoForm Incremental module with those available in the heat treatment and coatings databases [19] .
The main benefits of the AutoForm DieAdviser plus module are, as follows:
-increased wear performance and durability of the tools; -better surface quality of the tool, while improving the production efficiency; -reduced tooling costs, due to including wear protection considerations already at the design step of tooling, thus making possible to eliminate the complicated and expensive modification of tool construction in a later step due to wearing. The Autoform DieAdviser plus module [19] can be used to determine the location of the tool wear, the extent of wear or to develop an optimal coating system of the tool. Various coating technologies, as PVD, CVD and protective coatings, like TiN, TiC, TiAlN, hard chromium and diamond-like-carbon (DLC) are available in its database to improve the wear resistance of the tool. The concept of the simulation in AutoForm DieAdviser plus is shown in Fig. 1 . The analysis of wear is based on experiences of practise and test procedures. By the "Blank stage" program function the parameters of the blank e.g. material, thickness, etc. may be checked. These data are taken from the incremental module automatically. The blank material can be modified by the "Material Editor". The parameters of processing have significant influence on the wear behaviour. The section of "Materials, coatings, and treatments" contains the tool materials most commonly used in die design, that are tool steels and cast iron, as it shows in Table 4 and 5. Several options are available in the program for the optimization of the properties of tool materials by heat treatment or coating technology. Selection of the surface technology depends on the base material and the technological parameters. The difference in characteristics of the coatings is much bigger than those of the different steel and cast iron grades, therefore, AutoForm DieAdviser plus distinguishes only between the cast iron and tool steel and not between their grades.
The results of the simulation can be analysed in the menu elements of Recommended Protection, Tool Failure, and Maximal Volume. The "Recommended Protection" shows the suggested wear protection method for a given condition. The "Tool failure" illustrates the measure of the wear damage expected at the different locations of the tool, using different colours. The results on the tool geometry are shown element-wise on Fig. 2 . The regions of the best wear performance are indicated in green and the lowest ones by red, as shown in the Figure. Usually the mesh of the sheet is much finer than the mesh of the tools. When mapping the according results on to the tool geometry for each element the worst result is taken into account. This may sometimes lead to large red elements although not the whole area of the element is critical. In the given example, the die-radius is the most critical area, however the large red elements of the wall represent also large friction work, but most of the wall is safe from the point of view of wear. On the right side of the Fig. 2 , a finer mesh is applied and the critical area is reduced to the die radius part. However, it should be also mentioned that the applied heat treatment/coating technology would not just cover the die radius but also the whole close area of the wall solving the above problem. The problem shown in Fig. 2 . a) can be solved e.g. by applying a highly wear resistant steel insert covering the critical area. The output of the wear analysis depends on the meshing of the tool, as illustrated in Fig. 2. b) , however generating finer mesh is not reasonable for most of the cases. 
b) a)
The friction work is represented by the work of friction over a unit area [20] and can be expressed as the integral of the frictional shear stresses over the distance of sliding:
where:
-W f : friction work; - f : frictional shear stress;
-s: sliding distance. The wear volume can be calculated by the friction work according to the (Eq. 2):
-H: hardness of tool material; -K: dimensionless wear coefficient. The typical FEM simulations are based on the conventional Coulomb friction model, and have an attendant inaccuracy resulted from the assumption of a constant coefficient of friction. However, the Coulomb model is valid, if the real contact area is proportional to the normal load. The AutoForm makes possible to use pressure-, direction-, or velocitydependent friction law, but the customer may implement friction law from the databases, by itself. The pressure-dependent friction model is calculated by (Eq. 3):
-   base coefficient of friction;
-p: contact pressure; -p 0 : reference pressure; -n: exponent. In this case, the influence of the velocity on the effective coefficient of friction can be calculated by (Eq. 4):
-: coefficient of friction The velocity-dependent friction law assumes a decrease of coefficient of friction, if the relative speed between the tool and the sheet material increases. When selecting a model, it should be considered, that the type of the model significantly may influence the simulation results. During the simulation, the friction work is calculated for each element of the sheet on both sides. At the end of the simulation step, when results on the tool geometry for each element are mapped, the worst results are considered.
CONCLUSIONS
In forming processes used to produce automotive sheet metal parts, the common tool and coating failures can result in the deterioration of the surface quality of the products and in the decrease of the production volume. Among the typical tool failures, wear is the major problem, especially during forming of high strength sheet materials.
The characteristics of the tribo-couple constituted by the sheet and tool material has a significant influence on the wear mechanisms. The most important influencing factors are the type of the material, contact geometry, surface topography, mechanical, thermal properties of the contacting elements, or environmental conditions. The wear performance of SMF tools may be increased by heat treatment, coatings, or by their suitable combinations, nevertheless, tools are frequently uncoated, due to the complexity of tool geometry used in forming processes.
In automotive industry finite element simulation software are widely used to analyse the forming processes and tool design, right before the real sheet metal forming process, i.e. in the virtual reality. The AutoForm DieAdviser plus provides a solution to determine the wear damage applying improved friction-wear models, like the pressure-or velocity-dependent Coulomb friction model, which provides more accurate results. By the applied FEM simulation, the module provides to develop an ideal wear protection system of the forming tool, therefore AutoForm promotes reducing the tool costs and enables to improve the lifetime of the tool already in the phase of engineering design.
